The development of crops that by harvest have accumulated higher amounts of a particular micronutrient than standard crops is known as biofortification. Biofortified staple crops such as provitamin A-biofortified sweet potato ('orange sweet potato'), zinc-biofortified rice ('zinc rice') and iron-biofortified beans ('iron beans'), developed by selective breeding, have been introduced into developing countries with the goal of reducing micronutrient deficiencies. In these settings, micronutrient deficiencies caused by low dietary intakes and exacerbated by inflammation and infection result in considerable morbidity and mortality worldwide. The aim of this review is twofold: (1) to describe the impact of biofortified crops on micronutrient intake, nutritional status and other biological endpoints in developing countries and (2) to consider the relevance of these nutritional effects in other parts of the world such as Europe. Regular consumption of biofortified crops in developing countries where micronutrient deficiency is common has been shown to increase micronutrient intakes and thus help meet the World Health Organization's dietary recommendations. In terms of micronutrient status, most research has been conducted using provitamin A-biofortified crops (particularly orange sweet potato), with large 2-to 3-year studies indicating increases in plasma retinol, though additional studies measuring change in body stores would provide more definitive evidence. There is some evidence to suggest that iron-biofortified crops can increase iron status (measured by serum ferritin and total body iron), but further studies are required to demonstrate the efficacy of zinc-biofortified foods. Intakes of some micronutrients are low in some UK population subgroups (in particular adolescents and young adult women), with sizeable proportions having intakes below the lower reference nutrient intake. There is also evidence of low status for some nutrients (e.g. iron and in particular vitamin D), although the prevalence of iron deficiency is much less, and therefore the consequences less severe, than seen in the developing world. The final part of the paper describes strategies used to improve micronutrient intake in Europe, such as fortification of 
Introduction
There are currently huge pressures on the global food system, with the growing global population expected to increase from 7.6 billion in 2017 to 8.6 billion by 2030 and 9.8 billion by 2050 (United Nations 2017). Thus, the need for food production to be sustainable is crucial (Lockyer 2018) . Even in the 21st century, global inequalities exist in that an adequate diet is not affordable and accessible to all, with latest figures suggesting that worldwide, 462 million adults are underweight and around 45% of deaths among children under 5 years of age are linked to undernutrition (WHO 2017a) . Forms of undernutrition include wasting (low height-for-age), stunting (low height-for-age) and underweight (low weight-for-age). Micronutrient deficiencies are also widespread and are often termed 'hidden hunger'. Micronutrients have wide-ranging functions in the body, and, as such, inadequate intakes can have many negative biological effects such as poor growth, cognitive impairments and ultimately increased risk of morbidity and mortality, depending on which micronutrients in particular are lacking. Ending hunger, in all of its forms, is one of the key challenges to address at a global level and is one of the United Nation's Sustainable Development Goals for 2030 (United Nations 2016). The vast majority of countries with the largest hunger burdens are those termed 'developing', with particular prevalence within Asia and sub-Saharan Africa. Through their effects on health and wellbeing, micronutrient deficiencies also have an adverse impact on national prosperity as they can limit educational attainment and reduce work capacity, which in turn can mean lower income and continued poverty.
What is the public health impact of micronutrient deficiencies?
It has been estimated that around 2 billion people worldwide suffer from micronutrient malnutrition (International Food Policy Research Institute 2016) meaning that they are not getting enough vitamins and minerals, which are essential for normal physiological functioning and therefore health, either due to an inadequate diet or poor absorption as a result of infection, disease or inflammation. Whilst most micronutrient deficiency disorders can be reversed with provision of the missing micronutrients, some can result in irreversible, lifelong consequences (e.g. intellectual disability in children due to maternal iodine deficiency, particularly during early pregnancy) (Bailey et al. 2015) . Of most concern from a public health perspective are vitamin A, zinc, iodine and iron deficiencies, with iron deficiency being the most prevalent and widespread (WHO 2017a) . The health consequences of each of these deficiencies are outlined in detail below. Pregnant women and children aged 5 years and younger are the most susceptible to the serious effects of micronutrient deficiencies, due to infant and fetal requirements for growth and development [resulting in enhanced iron requirements for pregnant women, though in the UK there are no specific dietary reference values (DRVs) for pregnant women], but non-pregnant adults can also suffer negative consequences. Diets of overall poor quality are sometimes characterised by insufficient quantities of multiple micronutrients, rather than just a single nutrient. Furthermore, a diet based on a limited range of foods can result in poor micronutrient status (even when nutrient density is adequate) if the foods being consumed do not supply micronutrients in a bioavailable form or where components of other foods in the diet inhibit absorption. This issue is particularly important in relation to iron, in that individuals in developing countries may be consuming iron-containing foods, such as pulses, green leafy vegetables and grains, but no meat (which contains the most bioavailable form of iron) or vitamin C-rich foods such as citrus fruit [vitamin C and meat both enhance the absorption of iron from plant foods (SACN 2011)] . Absorption of zinc is also susceptible to bioavailability issues. Bioavailability is discussed in more detail in subsequent sections and recommended intakes of iron and zinc in relation to the type of diet in which they are provided are shown in Table 1 . A lack of iron in the diet can cause iron deficiency anaemia, a condition in which the number or size of red blood cells or haemoglobin concentration is low, reducing the capacity to carry oxygen round the body leading to tiredness and fatigue (other types of anaemia also exist which are not linked to iron status). Globally, it is estimated that around a third of women of reproductive age and 42% of children aged 6 months to <5 years are anaemic, with half of these cases likely to be reversible with iron supplementation (WHO 2017a). Consequences of anaemia include poor pregnancy outcome, impaired physical and cognitive development, increased risk of morbidity in children and reduced work productivity in adults (WHO 2017f) . Anaemia can be exacerbated by conditions such as malaria, human immunodeficiency virus (HIV)/acquired immune deficiency syndrome (AIDS), hookworm infestation, schistosomiasis and other infections such as tuberculosis. Even in the absence of anaemia, iron deficiency has been linked with poor cognitive performance and academic attainment (Scott & MurrayKolb 2015; Scott et al. 2016) , with some evidence of improvement with iron supplementation (MurrayKolb & Beard 2007; Khedr et al. 2008) . Phytate, a storage form of phosphorus present in plant foods, particularly cereals and pulses, is a strong inhibitor of non-haem iron (the form of iron present in plant foods) absorption and is therefore an important consideration for diets that lack meat and fish (EFSA Panel on Dietetic Products Nutrition & Allergies 2015a).
Vitamin A deficiency
It is estimated that 29% of children aged 6 months to 5 years in low-and middle-income countries have vitamin A deficiency (WHO 2017b) . Vitamin A has several functions in the body including contributing towards normal vision and the normal function of the immune system (EFSA Panel on Dietetic Products Nutrition & Allergies 2009a). As such, an estimated 250 000-500 000 vitamin A-deficient children become blind every year, and half of them die within 12 months of losing their sight (WHO 2018b) . Vitamin A deficiency also increases the risk of disease and death from infections such as measles and diarrhoea in children, maternal mortality (death during pregnancy or childbirth) and night blindness during the third trimester when vitamin A requirements are highest (WHO 2018c). As described in the 'Supplementation' section, vitamin A supplementation programmes are in place in many developing countries. Breastmilk is a good source of vitamin A; therefore, promotion of breastfeeding is an important part of the solution.
Zinc deficiency
The physiological functions of zinc are wide ranging, including contributing to normal vision, immunity, fertility and wound healing (due to its role in maintaining normal skin through collagen production, DNA synthesis and cell division) (European Commission 2016). Zinc deficiency adversely affects growth during childhood, resulting in stunting and wasting, and increases susceptibility to infections such as diarrhoea, pneumonia and malaria (WHO 2017d) . It has been estimated that 17% of the world's population consumes a diet that provides insufficient zinc (King et al. 2016) . Phytate inhibits zinc absorption and so low zinc status can occur in populations where high levels of phytate are present in the diet (e.g. unleavened bread using wholemeal flour is a staple dietary item) and intake of other zinc sources (such as meat and milk) is low (Sandstead 2013) . However, crop processing and food preparation methods, such as soaking, and yeast and lactic acid bacteria fermentation, are known to decrease phytate content (through phytase activity) and thereby increase mineral bioavailability (Gupta et al. 2015) .
Iodine deficiency
Iodine deficiency is one of the main causes of impaired cognitive development in children and can also result in goitre (swelling of the thyroid gland visible as a lump in the neck). Great progress has been made in tackling iodine deficiency through the iodisation of salt and, in 2015, the number of countries in which iodine deficiency was documented fell to 25 from an estimated 130 countries affected in 1999 (Delange et al. 2001; WHO 2017b ).
Micronutrient status is significantly affected by dietary intake but is also subject to other factors, such as impact of other food components on micronutrient absorption and bioavailability, and the individuals' health status, genotype, age and, for infants, the transfer of micronutrients from breastmilk. Several of these factors are non-modifiable; therefore, dietary intake is an important opportunity for intervention.
How are micronutrient deficiencies being tackled in developing countries?
Micronutrient deficiencies can arise in developing countries due to poverty, leading to a high reliance on staple crops (often starchy foods) for energy and insufficient remaining income to purchase the other key components of a healthy balanced diet (i.e. proteinrich foods, dairy foods and fruit and vegetables) resulting in a poor quality diet low in variety . Furthermore, in areas where soils lack bioavailable micronutrients, staple crops grown locally that form the bulk of people's diets can also be low in micronutrients (Vanlauwe et al. 2015) . Various strategies are being employed in an attempt to address micronutrient deficiencies in developing countries, as described below. Examples of programmes used in developed countries are described towards the end of this paper.
Inflammation and infection control
In healthy individuals, plasma and tissue concentrations of many micronutrients (or relevant biomarkers) tend to reflect dietary intake, but systemic inflammation changes the partitioning of micronutrients in the body, perhaps to protect these compounds from interacting with pathogens or damaged tissue (Thurnham & Northrop-Clewes 2016) . Therefore, plasma concentration may not accurately reflect micronutrient status under such circumstances. As highlighted elsewhere in this paper, it is important to additionally assess markers of inflammation [such as C-reactive protein (CRP) and a1-acid glycoprotein (AGP)] in order to be able to adjust results where necessary, using a methodology appropriate for each particular micronutrient (Thurnham et al. 2015) . Malaria infection can cause further distortion which must be taken into account . Also of particular relevance in developing countries, intestinal helminth infections can affect nutritional status in many ways, including by reducing micronutrient absorption, increasing anaemia risk due to worms feeding on the blood and causing loss of appetite (WHO 2017a) . Deworming can be carried out by administering a single tablet and the World Health Organization (WHO) recommends that this is done periodically in affected areas (WHO 2017e).
Supplementation
Supplementation is being used to tackle micronutrient deficiencies, with reported successes with vitamin A and zinc (Black et al. 2008) . For example, the Vitamin A Global Initiative was launched in 1998 and has prevented an estimated 1.25 million deaths in 40 countries in the years since (WHO (World Health Organization) 2018b). Supplementation programmes can be rolled out in a particular region quickly and cheaply and deliver high doses of micronutrients (if needed), which is particularly useful in the case of vitamin A as this needs to be given only once (100 000 IU once per year is recommended for infants aged 6-11 months) or twice (200 000 IU twice per year is recommended for infants aged 12-59 months) per year to be efficacious (WHO 2011) . Infants and children have increased vitamin A requirements to support rapid growth and to help combat infections; therefore, these recommendations are in place for settings where vitamin A deficiency is a public health problem. However, supplementation requires access to medical centres, which can be difficult for rural populations, and education may be necessary to encourage compliance (Bailey et al. 2015) . Additional issues can include managing supplies vs. demand for supplements and having adequate storage facilities (Stoltzfus 2011) . A recent United Nations Children's Fund (UNICEF) report raised concerns that the distribution of vitamin A supplements has been negatively affected by the reduction in polio immunisation programmes (due to its near eradication), since the two were often delivered simultaneously (UNICEF 2018). Furthermore, whilst undeniably valuable, supplementation programmes do not address the underlying problem of a poor quality diet associated with a limited variety of foods or a diet based on micronutrient-poor staple crops.
Fortification of foods
Examples of fortified foods include iodised salt; cooking oil and sugar with added vitamin A; and iron-fortified flour, dairy foods, condiments, sugar and salt . Attention has also been paid to delivering selenium and folate via fortification. In regions with selenium-poor soils, such as parts of China, selenium-fortified salt and selenium-biofortified tea have been used to prevent Keshan disease (a heart condition caused by low selenium intakes and exposure to a virus) (Combs 2000) . Another example is selenium biofortification of wheat in Finland, which is discussed in the section 'The history of selenium biofortification of wheat in Finland'.
With regard to folate, in 1991, the importance of folate in the prevention of fetal neural tube defects during pregnancy was demonstrated (MRC Vitamin Study Research Group 1991) and this was followed by calls for fortification programmes. By 2016, 61 countries were using folic acid-fortified wheat flour (Food Fortification Initiative 2016) . A significant reduction in neural tube defects has been reported in many countries since the introduction of this initiative, including examples in Southern and North America (L opez-Camelo et al. 2010; Williams et al. 2015) . Folic acid fortification of flour is currently much less common in Europe. Data from the most recent UK National Diet and Nutrition Survey, published in March 2018, suggest lower concentrations of both red blood cell and serum folate in Years 7 and 8 of the survey (carried out in 2014-2016) compared with Years 1 and 2 (carried out in 2008-2010) in all age groups (Roberts et al. 2018) .
For babies and young children in some developing countries, micronutrient-enriched powders can be supplied for use during complementary feeding (DeRegil et al. 2013 ; WHO 2016a) (and/or education for using nutrient-dense foods during this phase) and the provision of fortified school meals is another strategy that can be employed. Home fortification, also called 'point-of-use' fortification, in which fortificants -normally combinations -in the form of powders or lipids are added to food by the end user, has been used in 22 countries since 2011 (Bailey et al. 2015) . Uptake is reliant on behaviour change and may require education to dispel concerns over perceived side effects (WHO 2016a). Studies have indicated that intermittent use (less than four sachets per week) results in the highest adherence, perhaps due to less mental pressure and anxiety among caregivers (De-Regil et al. 2013) .
Fortification of foods or ingredients at a national level often takes longer to implement within a country than supplementation as changes in policy and food production are required. Furthermore, a risk/benefit analysis needs to be undertaken due to potential toxicity issues (though this may be less likely in countries where micronutrient intakes are very low). Barriers to uptake of fortified foods can include cost and adequate distribution.
A 2018 Cochrane review commissioned by WHO, which included 16 studies looking at the fortification of rice with vitamins and minerals, made a strong recommendation, based on moderate certainty evidence, that in settings where rice is a staple food, rice should be fortified with iron to improve iron status (WHO 2018c) . In addition, it was recommended that fortification of rice with vitamin A and folate may be used as a public health strategy to improve nutritional status. However, the evidence was of lower certainty and these recommendations were conditional in that a considerable proportion of the population would not want rice to be fortified and therefore stakeholder debate would be required within each setting in order to decide whether or not to fortify with these nutrients. Similarly, WHO conditionally recommends the fortification of maize flour and corn meal (wheat flour may also be a suitable vehicle) with iron and folic acid, with the same caveat around consumer preference (WHO 2016b).
Biofortification
The development of crops that by harvest have accumulated higher amounts of a particular micronutrient than standard crops is known as biofortification. An official definition of biofortification is currently being produced by the Joint Food and Agriculture Organization (FAO)/WHO Food Standards Programme Codex Committee on Nutrition and Foods for Special Dietary Uses (Codex Alimentarius Commission 2017). Biofortification can be achieved in three ways.
(1) Conventional biofortification -selecting plants which naturally contain higher amounts of a micronutrient of interest and cross-breeding using conventional methods to produce staple crops with desirable nutrient and agronomic traits.
(2) Agronomic biofortification -use of micronutrientrich fertilisers or sprays which are temporarily taken up by the edible portion of the crop. (3) Transgenic biofortification -inserting genes needed for the accumulation of a micronutrient which would not otherwise exist in that particular crop (either at all, or in a bioavailable form).
Over 20 million people worldwide are currently consuming biofortified crops . Biofortification of staple crops can help improve a poor quality diet, especially where food choice is limited and soils may be devoid of bioavailable micronutrients. This paper focuses on conventional biofortification and from this point forward the term 'biofortification' refers to this type, unless otherwise stated. For biofortification using the conventional plant breeding approach to be considered feasible and effective for alleviating micronutrient deficiencies, three conditions should be met (1) nutrient density is increased without reducing crop yields; (2) when the crops are consumed, the increase in nutrient levels can make a measurable and significant impact on human nutrition; and (3) farmers are willing to grow the crops and consumers to eat them.
The aim of this paper is to describe the impact of biofortified crops on nutrient intake, nutritional status and other biological endpoints in developing countries, and to discuss the potential for introducing biofortified foods into developed countries such as those within Europe.

History
The concept of biofortification has been around since the Green Revolution (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (Pingali 2012 ). An economist named Howarth Bouis started working on biofortification as a solution for micronutrient malnutrition in the early 1990s. After collaborating with scientists Robin Graham and Ross Welch, who secured early funding from the Danish International Development Agency (DANIDA) and the Australian Center for International Agricultural Research, screening to identify high-nutrient breeding parent plants began (Graham et al. 2001) . In 2001, the bean researcher, Steve Beebe, coined the term 'biofortification'. In the following years, larger amounts of funding were secured from the Consultative Group on International Agricultural Research (CGIAR), the Asian Development Bank, the Bill and Melinda Gates Foundation, the World Bank, the US and UK governments and the European Union (EU). In 2003, CGIAR's Biofortification Challenge Program was renamed HarvestPlus (HarvestPlus 2018). Between 2003 and 2008, target populations were identified and proof-of-concept research conducted. Between 2009 and 2013, the first wave of biofortified crops was bred and approved for release by national varietal release committees, nutritional efficacy trials were carried out and delivery plans were developed. Since 2014, the delivery of biofortified crops has been scaled up and more than 140 varieties of ten crops that are biofortified with provitamin A, iron and/or zinc have been released in 30 countries and are being grown and tested in 60 countries in total (see Fig. 1 ). In some countries, just one biofortified crop is being used but in others, such as Brazil, India and China, several are used in what is known as a 'food basket' approach ( Fig. 1). highly likely to benefit. This process is aided by use of the Biofortification Prioritisation Index, which ranks countries based on their production of, and reliance on, particular staple crops and the burden of micronutrient deficiency (Lividini et al. 2017) . A nutrient target is then set. The equation presented in Box 1 can be used to estimate the additional amount of a vitamin or mineral within a crop that could result in a quantifiable improvement in public health in a particular region.
Once a nutrient target has been validated, crop genes are then screened and selected varieties crossed and bred, taking into account the need for other traits such as disease and weather resistance. Nutrient retention after storage and cooking is measured and nutritional efficacy is tested to ascertain whether the additional amounts of the micronutrient in question are bioavailable and enhance body status. Finally, consumer testing is carried out to establish whether or not farmers will be willing to grow the new crops, how much they would be willing to pay for them and if they are acceptable to the public (e.g. from a sensory perspective) (Birol et al. 2015) . The development process for a biofortified crop can take 6-10 years. Finally, after all testing is complete and with satisfactory results, a new crop can be released into a country and promoted. A particular barrier to uptake that can enhance the cost of educational programmes is the orange or bright yellow colour of vitamin A-biofortified crops, whereas the native crops are white or pale yellow (due to low levels of carotenoids). Crops with invisible traits may require less promotion to encourage uptake, but conversely may not be considered as more nutritious than standard crops since they appear the same.
Advantages and disadvantages of biofortification in developing countries
Seeds for biofortified crops can be purchased and grown for the same cost as conventional crops, often at a higher yield due to inbred weather, pest and disease resistance, meaning no negative cost implications for farmers. Also, for predominantly subsistence farmers, there is the potential of a small surplus to sell and thereby to improve family living standards. Cuttings and seeds can normally be shared between farmers and used for generations, meaning this methodology is sustainable and the breeding process ensures sustainability of the chosen desirable traits, contributing to cost effectiveness. Furthermore, surplus food produced by farmers can be sold and potentially reach more communities but any health benefits identified cannot be extrapolated to non-farming communities, where intake of staple crops is likely to be lower. Although biofortification requires a large amount of investment up front by developers (to breed and test the crop), biofortified crops produced using government funding are public goods. Cost-effective analysis has demonstrated that biofortification is considerably cheaper than either fortification or supplementation approaches to tackle vitamin A deficiency, for example, in several countries (Asare-Marfo et al. 2014) . There is likely to be a lag before any health benefits of a biofortified crop is realised due to the time needed Box 1 Equation to estimate the amount of a particular micronutrient a biofortified crop should usefully contain . to implement new crop strategies, for consumers to adopt new consumption patterns and for micronutrient status to improve. But over time, the consumption of a variety of biofortified foods could help to tackle multiple micronutrient deficiencies both through the 'food basket' approach and crops that are biofortified with more than one nutrient [e.g. iron and zinc pearl millet which is described in the section 'Iron (and zinc) pearl millet'].
Which biofortified crops are being utilised today and what are the health effects?
Biofortified crops currently used in developing countries largely contain enhanced levels of vitamin A, iron or zinc; examples are given in Table 2 . Other biofortified crops such as banana/plantain, tomatoes, potatoes and pumpkin are under development (Mejia et al. 2017) . A systematic review on the health effects of consuming biofortified foods is currently being undertaken on behalf of WHO (Garcia-Casal et al. 2016 ).
Vitamin A
Preformed vitamin A, or retinol, is found in animal foods such as meat, liver, eggs, dairy foods and fortified fat spreads, and may be absent from the diets of those living in poverty in developing countries or only consumed in small amounts. However, humans have the ability to make vitamin A from some carotenoids, which are plant compounds, found predominantly in orange and dark green coloured fruits and vegetables, some of which (b-carotene, a-carotene and b-cryptoxanthin) are known as provitamin A carotenoids, as these can be converted to retinol in the body. Of these, b-carotene, the most abundant carotenoid present in orange sweet potatoes (OSPs), yellow cassava and orange maize, is thought to have the highest conversion rate to vitamin A, with 12 lg b-carotene being equivalent to 1 retinol activity equivalent (RAE) compared to a ratio of around 24:1 for a-carotene and b-cryptoxanthin (Johnson & Mohn 2017) . However, the conversion of carotenoids to vitamin A is thought to be affected by several factors including BCM01 genotype (Leung et al. 2009 ) (the gene encoding the intestinal enzyme that converts b-carotene to retinol), vitamin A status (Thurnham 2007) [conversion may be more efficient in the deficiency state, as BCM01 expression is up-regulated (Lietz et al. 2010) ], zinc status (Dijkhuizen et al. 2004 ) and food matrix effects. Carotenoids in fruit (which are dissolved in lipid droplets) appear to be more bioavailable than those present in roots and tubers (which are present in larger, crystalline structures) and green leafy vegetables (which tend to be present as carotenoid-protein complexes located in chloroplasts) (Schweiggert et al. 2014; Saini et al. 2015; Schweiggert & Carle 2017) . The bioaccessibility of carotenoids in roots, tubers and green leafy vegetables can be enhanced by cooking and processing, which releases them from storage matrices. Factors affecting vitamin A status, aside from dietary vitamin A intake, include intake of other dietary components, in that the absorption of carotenoids is thought to be enhanced by co-ingestion with fat and inhibited by fibre (La Frano et al. 2014) , infection status (WHO 2014) and cooking, and processing losses (and 'gains', in some cases) also need to be taken into account (as described in more detail in the 'Nutrient retention' section). Most vitamin A in the body is stored in the liver; therefore, measures which estimate liver stores, such as the relative dose response (RDR) test, are likely to be a more accurate indicator of vitamin A deficiency than serum retinol (Johnson & Mohn 2017) . This is because serum retinol concentration is under strict homeostatic control and suppressed by infection, and inflammation, and so is not a sensitive marker of vitamin A status (H€ oller et al. 2018) . However, serum retinol does correlate well with symptoms of vitamin A deficiency affecting the eyes, as described in more detail below (Tanumihardjo 2011 2012, 2013, 2013 and is therefore more practical for use in the field. Retinol-binding protein, which is more stable, not photosensitive and less expensive to measure than serum retinol, can also be used as a proxy for vitamin A status (De Moura et al. 2015b) but is affected by inflammation and zinc deficiency (Tanumihardjo et al. 2016) . Isotope dilution is the most sensitive measure of vitamin A status because this technique is responsive to vitamin A supplementation; and it has been used successfully in adults and children in low-income countries to assess the efficacy of various vitamin A interventions (Lietz et al. 2016) . The advantages and disadvantages of various markers of vitamin A status have recently been reviewed in detail as part of the Biomarkers of Nutrition for Development (BOND) project (Tanumihardjo et al. 2016) . Vitamin A reserves in newborn babies are small and, in well-nourished mother-infant dyads, it has been estimated that around 60 times more vitamin A is transferred to the infant during 6 months of breastfeeding than during 9 months in the womb (Stoltzfus & Underwood 1995) . However, the vitamin A content of breastmilk is dependent on the mother's vitamin A status and breastmilk containing low concentrations can result in a deficient infant, with potential associated consequences (Black et al. 2008) . Maternal supplementation is therefore an important solution. WHO recommends that breastmilk vitamin A is measured as an indicator of status in populations and to assess the efficacy of interventions aiming to alleviate vitamin A deficiencies (see Table 3 ).
Vitamin A deficiency manifests primarily in clinical symptoms related to eye health. When serum retinol concentrations fall below 1.0 lmol/l, impaired visual adaptation to the dark can begin but occurs more often below 0.7 lmol/l. Xerophthalmia (night blindness and drying of the cornea and conjunctiva) is more frequent and severe at serum retinol concentrations below 0.35 lmol/l (WHO 2014).
Orange sweet potato
More than 105 million metric tonnes of sweet potato were produced worldwide in 2016 (FAOSTAT 2018) . Vitamin A-rich biofortified OSP has been introduced into countries in Africa (and other areas such as South Asia), where daily consumption can be~150 g in children and~300 g in women (Hotz et al. 2012b) . Biofortified OSP typically contains 30-100 mg/kg of bcarotene compared to 2 mg/kg in varieties that would normally be grown in countries such as Mozambique and Uganda (De Moura et al. 2015a) . As OSP was the first biofortified crop to be released (see Table 2 ), more efficacy trials have been conducted on this crop compared to others. Details of these studies can be found in Table 4 . Strengths and weaknesses of the relevant methods used to measure vitamin A status are described above.
Nutrient retention
Carotenoids can be lost (and likewise 'gained' due to enhanced bioaccessibility, such as in cooked vs. raw carrots) from foods during cooking and processing, depending on the food type (i.e. fruit, roots, tubers, leafy vegetables) and methods used. A review of 20 studies on OSP found that boiling time was significantly negatively correlated with carotenoid retention within the food (Boy & Miloff 2009) and the average retention for different cooking methods was: shade drying (91%), oven drying (87%), boiling (84%), frying (79%), steaming (77%), grilling (74%), baking (69%), microwaving (67%) and direct sun drying (59%). Retention values reported by individual studies were averaged, though the retention calculation used [i.e. true, apparent or 'dry weight basis' (Murphy et al. 1975) ] differed between studies, as detailed in the paper. A more recent review reported the following carotenoid retention values from sweet potato: shade drying (92-100%), oven drying (85%), grilling (85%), direct sun drying (84-95%), boiling (80-90%), frying (70%), steaming (69-77%) and baking (69%) (De Moura et al. 2015a) . Frying typically results in carotenoid depletion, likely to be due to oxidation at high temperatures (Oke et al. 2018) . Traditional cooking methods for sweet potato include DRD, deuterated-retinol dilution; HPLC, high-performance liquid chromatography; MRDR, modified dose response; NSD, no significant difference; OSP, orange sweet potato; RAE, retinol activity equivalents; TRL, triacylglycerol-rich lipoprotein. *Possibly due to deworming treatment.
† Control refers to equivalent food made with unfortified crop, without additional vitamin A (unless otherwise stated). ‡ Bioequivalence factor refers to the calculated conversion ratio of carotenoids present in the biofortified food to retinol in the body. § Likely due to background of vitamin A supplementation.
boiling in Mozambique and boiling and steaming in Uganda (De Moura et al. 2015a) . Plant genetic factors affecting carotenoid accumulation and stability during post-harvest storage are also a potential consideration when using plant breeding techniques to develop biofortified crops (Li et al. 2012) .
Effects on biological endpoints
Results from early studies suggest that daily consumption of OSP for short periods of time (3-10 weeks) can improve serum retinol levels (Jalal et al. 1998) and liver vitamin A stores in children, measured by the MRDR test (van Jaarsveld et al. 2005) . A more recent study of 120 Bangladeshi women with low vitamin A status reported a significant difference in plasma b-carotene levels between those consuming OSP (fried or boiled) as snacks, providing 600 lg RAE per day for 60 days, and those consuming white sweet potato but there was no significant difference in total body vitamin A (measured using stable isotopes), dark adaptation (measured by pupillary threshold in 44 women) or reported morbidities between the three groups (Jamil et al. 2012 ). There was a near-significant (P = 0.07) increase in plasma b-carotene after consuming fried OSP compared to boiled, suggesting higher absorption. The authors suggested that as the subjects were free-living, dietary intake was not controlled and the remainder of the diet was likely to be nutritionally inadequate and prepared unhygienically, which could have affected the results. However, such conditions are likely to occur in many settings and so interventions would be required to improve micronutrient status in spite of these challenges.
In a controlled study by the same group, 70 Bangladeshi men consumed low vitamin A vegetables (control), canned OSP (80 g, providing 2.25 mg bcarotene per meal) or Indian spinach (75 g, providing 2.25 mg b-carotene per meal) twice per day for 60 days as part of investigator-prepared meals (Haskell et al. 2004) . Indian spinach intake significantly increased body vitamin A pools (measured by plasma isotopic ratios) by 0.022 mmol vs. the control group, whereas the increase with OSP (0.010 mmol) did not differ significantly from control. Interestingly, change in vitamin A status in response to any of the vegetables was not related to baseline status. Vitamin A equivalency factors of 13.4:1 for OSP and 9.5:1 for Indian spinach were estimated from the data. Overall the study indicated that spinach was better for improving vitamin A status than OSP.
A 2-year study implemented in 827 households in three districts of Mozambique followed 498 children in households receiving an intervention to increase access to, knowledge of, and demand for OSP and compared them to 243 control children (Low et al. 2007) . Ninety per cent of intervention households were growing OSP in the final year of the study and food frequency questionnaire (FFQ) data showed that more than 50% of children in the intervention group were eating OSP at least 3 days per week compared to 4-8% in the control group. Median vitamin A intake (in non-breastfed children) was 426 lg RAE/day in the intervention group vs. 56 lg RAE/day in the control group, and serum retinol was significantly higher in the intervention group (0.74 vs. 0.67 lmol/l). The prevalence of low serum retinol did not differ at baseline between children in the intervention and control groups, both overall and within a subgroup of 'healthy children' (those with serum CRP <5 mg/l). At the end of the study, the prevalence of low serum retinol was 10% lower in the intervention children vs. the control children and prevalence significantly decreased from 60% to 38% in 'healthy children' from the intervention group, but remained largely unchanged in 'healthy children' from the control group (52% at baseline vs. 53% at the end) (resulting in statistically significant between-group difference of 15%). At the end of the study, there was no difference in the prevalence of child stunting between the two groups but the prevalence of wasting and low weight-for-age was significantly lower. Nutrition knowledge was significantly higher among caregivers in the intervention group.
In a later study carried out in Mozambique, which reached >12 000 farmers, 144 villages were given 2 kg OSP vines per household in the first year (with an option to purchase a further 8 kg), none in the second year unless they could not maintain the crop, and 6 kg in the third year plus training in farming practices and health education (Jones & de Brauw 2015) . There were two intervention groups, one of which received more intensive support than the other, and a control group which did not receive OSP vines or education. Thirty-six villages were randomly selected as the impact evaluation sample and outcomes were measured approximately 2.5 years later. At the end of the intervention, 47-60 and 20-24% of sweet potato consumption was OSP (rather than white sweet potato) in the intervention and control groups, respectively (Hotz et al. 2012a) . Average b-carotene and vitamin A contents of the varieties used in the study ranged from 8716 to 10 842 lg/100 g in the raw OSP crop and 726-904 lg RAE/100 g in the boiled OSP. In children aged 6-35 months at baseline, intake of vitamin A increased from~200 lg/day RAE at baseline in all groups to~600 lg/day RAE in the two treatment groups and 350 lg/day RAE in the control group. Among children aged 12-35 months at baseline, the prevalence of inadequate vitamin A intake was 12% in the treatment groups at the end of the intervention period vs. 63% in the control group (Jones & de Brauw 2015) and there was also a significant decrease in inadequate intakes among women in the two intervention groups vs. control (Hotz et al. 2012a ). There was no significant difference in reported rates of diarrhoea, respiratory illness and fever experienced in the past 2 weeks at baseline between the two groups. After adjustment for non-biological confounders (such as household income), there was a 39% reduction in diarrhoea occurrence in the intervention groups (vs. no change in the control) but there was no significant impact on respiratory illnesses or fever (Jones & de Brauw 2015) . This study did not include any biochemical measures of vitamin A status or markers of inflammation, though the authors draw attention to the significant impact on serum retinol reported in the aforementioned study carried out in the same geographical area (Low et al. 2007) .
In a similar intervention study reaching more than 10 000 households in Uganda, two 2-year programmes were introduced to promote the growth and consumption of OSP, one with a 2-year agricultural and nutrition education training programme (described as intensive) and one with a 1-year training programme (described as reduced) (Hotz et al. 2012b) . Each household was supplied with 20 kg of OSP vines for planting. Beta-carotene contents of the four OSP varieties used in the study ranged from 4071 to 9655 lg/100 g (raw crop). A sample of 84 farmer groups was randomly selected to assess nutritional outcomes. At the end of the project there was a 61% adoption rate of OSP. Intake of b-carotene (assessed using 24-hour dietary recall) was 7.87 mg/day higher in the intensive programme group and 6.41 mg/day higher in the reduced programme group vs. the control group. Significant decreases in the prevalence of inadequate vitamin A intake occurred in both intervention groups in children aged 12-35 months and women vs. control, but not among children aged 3-5 years. OSP contributed to 44-60% of vitamin A intakes at the end of the intervention (in both intervention groups) whereas at baseline, the previously consumed yellow sweet potato contributed 23-40%. After adjustment for covariates, the prevalence of low vitamin A status (indicated by plasma retinol) among children aged 3-5 years significantly reduced after the intervention vs. control and vitamin A intake from OSP was a significant predictor of vitamin A status, despite potential interference from increased vitamin A supplementation and fortification of vegetable oils and fats during the study period. There was a smaller number of women with low vitamin A status (serum retinol <0.7 lmol/l) at baseline (1-2% in each group) than children aged 3-5 years (28-30% in each group) and there was no significant reduction in the prevalence among women (perhaps because prevalence was low at baseline). Data from long-term follow-up suggested that continued use of the crop was highly variable in different localities but nutritional messages about vitamin A, which were delivered through the training, were retained 2 years later (McNiven et al. 2016 ).
An impact review of the latter two large intervention studies carried out in Uganda and Mozambique reported finding no strong evidence of improved health outcomes (e.g. reduced infection or improved child growth) in either country, apart from the reduction in diarrhoea prevalence (but not severity) in children in Mozambique, though the prevalence of diarrhoeal disease is related to many factors (including hygiene) rather than just vitamin A status (Arimond et al. 2010) .
Yellow cassava
More than 277 million metric tonnes of cassava (also known as tapioca) were produced worldwide in 2016 (FAOSTAT 2018) . Cassava is a starchy tuber, which is typically white and contains almost no provitamin A. Biofortified yellow varieties used in 2011 in Nigeria and the Democratic Republic of Congo contained 6-7 mg/kg of provitamin A (HarvestPlus 2014). Intake of cassava in Nigeria [which is predominately in the form of cassava flour (known as gari) or dough made from boiled and ground cassava (known as foo foo or fufu)] has been estimated to be~150 g/day in infants aged 6-23 months,~350 g/day in children aged 24-59 months and~950 g/day in women (De Moura et al. 2015b) . In some regions of Nigeria, conventional white cassava is mixed with palm oil to make gari which is yellow in colour; therefore, biofortified yellow cassava may be more acceptable than in regions where white gari is consumed (Ilona et al. 2017) .
Nutrient retention
A particular issue with cassava is the presence of cyanide, in amounts which can be toxic to humans.
Heavy reliance on cassava containing high levels of cyanogenic compounds is thought to be responsible for the development of diseases, specifically konzo and tropical ataxic neuropathy, in certain regions in Africa, conditions which continue to be a problem (Tekle-Haimanot et al. 2018) . At least 50% of the cyanide content of cassava roots is present in the skin; therefore, peeling is an important first step for making cassava safe to eat (Samson & Akomolafe 2017) . Grating and crushing methods are reportedly more effective at removing cyanide than sun drying and fermentation. However, preparation of cassava to remove cyanide can adversely affect b-carotene retention. A review that summarises studies reporting levels of provitamin A retention after different processing and cooking methods (De Moura et al. 2015a) found that of sun drying, solar drying, oven drying and shade drying, sun drying results in the lowest rate of retention. Many of the studies reviewed found retention rates to be equivalent between sun and solar drying, possibly due to the degradation of carotenoids by light. There are some data to suggest that post-harvest blanching of cassava before drying and storage can improve the stability of carotenoids, perhaps by inactivating enzymes that would otherwise degrade them (De Moura et al. 2015a) . Conversely, chopping and mild heating can disrupt carotenoid-protein complexes thereby increasing bioavailability (Mulokozi et al. 2004; Bernhardt & Schlich 2006) . Carotenoid retention after boiling has been reported to vary greatly, depending on genotype, and studies suggest that roasting time and temperature affect b-carotene retention. Cassava flour (gari) is made by grating, fermenting, pressing and roasting cassava.
Effects on biological endpoints
Details of yellow cassava intervention studies to increase dietary intake of b-carotene can be seen in Table 4 , and strengths and weaknesses of the relevant methods used to measure vitamin A status are described above. A small randomised cross-over study carried out in 10 American women (mean age 29.3 years, BMI 23.1 kg/m 2 ) compared the effects of 100 g white cassava porridge with oil with 100 g biofortified cassava porridge (containing 2 mg b-carotene), with or without added oil, consumed on three separate occasions (La Frano et al. 2013) . Plasma bcarotene was significantly higher after the biofortified cassava porridge with oil, vs. the control (after which no b-carotene appeared in plasma). Beta-carotene to vitamin A conversion was calculated to be 4.2:1 with oil and 4.5:1 without oil. The authors suggest that their results provide evidence that biofortified crops have higher b-carotene to vitamin A bioconversion rates than standard crops. In another small study carried out in 12 healthy American women, b-carotene to vitamin A conversion from gari made from biofortified cassava was calculated to be 4.2:1 (Zhu et al. 2015) . Overall, as the conversion of carotenoids to vitamin A may be affected by vitamin A status, studies carried out in the target populations for biofortified crops are likely to be more useful than studies carried out in well-nourished populations.
In a study conducted in Kenya, 342 children were given ≥325 g (5-8 years) or ≥375 g (9-13 years) of boiled white cassava, yellow cassava (mean 1460 lg b-carotene/day), or white cassava plus a b-carotene supplement, 6 days per week for 18.5 weeks (Talsma et al. 2015) . At baseline, roughly a quarter of the children were classified as vitamin A deficient (serum retinol <0.7 lmol/l), two-thirds had marginal vitamin A status (serum retinol 0.7-1.05 lmol/l), and b-carotene intake from the diet was~20 lg RAE/day in all groups. Whilst consumption of yellow cassava elevated serum b-carotene to a greater extent than the supplement, serum retinol increased by 0.04 lmol/l (adjusted) in both groups indicating that bioconversion was poor and consequently yellow cassava only reduced the prevalence of vitamin A deficiency by 3.5%. No effects of BCM01 genotype or baseline vitamin A status in response to the interventions were detected, though group sizes of less common genotypes were small.
Yellow maize
Maize is an important staple crop in Africa and 1.06 billion tonnes were produced worldwide in 2016 (FAOSTAT 2018) . Varieties consumed by humans are normally white but yellow maize has traditionally been used for animal feed, a practice that may represent a barrier for the acceptance of biofortified yellow maize. It has been estimated that women in Zambia consume 290 g/day of maize and children 2-5 years of age around 170 g/day (Hotz et al. 2011) .
Nutrient retention
Studies examining the effect of drying on carotenoids in yellow maize have reported 55-85% retention (De Moura et al. 2015a) . Carotenoid retention after drying and storage has been related to genotype. In one study, levels were found to remain constant for 3 months under dark conditions and refrigeration (De Moura et al. 2015a) . Fermentation, sometimes carried out when maize is used to make porridge, is thought not to influence carotenoid retention when combined with cooking (De Moura et al. 2015a).
Effects on biological endpoints
Details of yellow maize intervention studies to increase dietary intake of b-carotene can be seen in Table 4 , and strengths and weaknesses of the relevant methods used to measure vitamin A status are described above. In a study using labelled yellow maize, 300 g of sadza (porridge made with maize flour) containing 1.2 mg b-carotene equivalents was consumed by eight healthy men (none were vitamin A deficient) along with 20 g of butter (Muzhingi et al. 2011) . A bioequivalence factor of 3.2 (range 1.5-5.3):1 was calculated. A similar study carried out in women reported a bioequivalence factor of 6.48:1 for b-carotene from biofortified maize porridge (a 250 g portion served with 8 g sunflower oil) (Li et al. 2010) . A larger randomised placebo-controlled study, carried out in 143 Zambian preschool children (aged 5-7 years), investigated the effect of biofortified maize (containing~18 lg/g b-carotene equivalents) compared with white maize (Gannon et al. 2014) . Porridge was provided for breakfast, lunch and dinner for 90 days. Carotenoid retention from grain to porridge was calculated to be~78%. Liver vitamin A reserves were significantly higher in the group receiving orange maize vs. the white maize group at the end of the study but there was no effect of treatment on serum retinol. The bioconversion factor was estimated to be 10.4 lg of b-carotene equivalents to 1 lg retinol. The authors were surprised at the high vitamin A stores in children at baseline and hypothesised that this was due to vitamin A supplementation and sugar fortification, which in combination could result in intakes that exceed recommended dietary requirements (see summary section for comment on the methodology used). In a similar study carried out in 181 Zambian children aged 3-5 years, a standardised diet was consumed including either white or orange maize for 3 months (Bresnahan et al. 2014) . A reduction in vitamin A stores (measured by MRDR test) was reported in both groups, likely due to the background of a high dose vitamin A supplementation programme and possibly the dose of b-carotene in the biofortified grain in this earlier study, which would be lower than varieties used today.
Curiously, studies carried out in Zambia have noted an increase in plasma b-carotene in children aged 4-8 years and lactating mothers after 6 months' and 3 weeks' consumption, respectively, of biofortified maize, but no significant effects on serum or breastmilk retinol concentrations were found, indicating that vitamin A status was not improved (Palmer et al. 2016a,b) .
Summary
As can be seen in Table 5 , several studies show substantially increased vitamin A intakes after the consumption of provitamin A-biofortified foods compared to control groups consuming standard (non-biofortified) foods; in many instances, the biofortified foods provided intakes of provitamin A that exceeded the FAO/WHO recommended daily requirements.
OSP is the most studied provitamin A-biofortified crop in terms of effects on biological endpoints. Some relatively short-term studies (<10 weeks in duration) have reported improvements in vitamin A status after OSP consumption (Jalal et al. 1998; van Jaarsveld et al. 2005) . However, two studies employing stable isotope methodology, the best method for assessing vitamin A status, found no significant improvement following 60 days of OSP intervention (Haskell et al. 2004; Jamil et al. 2012) . Interestingly, one study in children lasting 53 days did find a significant increase in liver vitamin A stores, indicated by the MRDR test (van Jaarsveld et al. 2005) . Longer studies that have been carried out for 2-3 years have measured only plasma retinol and whilst positive effects on status have been reported, it is difficult to draw firm conclusions without data on changes in liver stores (Low et al. 2007; Hotz et al. 2012a,b) . In (largely) uncontrolled studies carried out in whole communities in developing countries, it is difficult to confidently ascribe any observed reductions in morbidities, such as diarrhoea or poor child growth, to an intervention such as a biofortified food. Only one study measured the bioequivalence of carotenoids in OSP to retinol, which was reported to be~13:1 (vs.~6:1 for synthetic b-carotene) in Bangladeshi men who were not of low vitamin A status (Haskell et al. 2004) .
Studies measuring the bioconversion of carotenoids to vitamin A from yellow cassava and yellow maize have largely been conducted in very small groups of healthy individuals (American women) and so the reported conversion rates may not be applicable to target populations for biofortified foods (Li et al. 2010; La Frano et al. 2013; Zhu et al. 2015) . One 90-day study that employed stable isotope methodology reported a significant increase in liver vitamin A reserves after the consumption of yellow vs. white maize (Gannon et al. 2014 ). However, a letter published in response to the publication stated that the magnitude of the increase seems implausible and concluded that 'More work is needed to determine whether stable isotope dilution methodology is valid in the context of high rates of inflammation, infection, (a)symptomatic malaria and micronutrient deficiencies' (Lietz et al. 2015) . The results of the only other chronic study looking at yellow maize were likely to have been affected by a vitamin A supplementation programme (Bresnahan et al. 2014) . Overall there are only a small number of studies examining the effect of yellow cassava and yellow maize on vitamin A status and more long-term studies are needed to measure impacts on micronutrient status and health outcomes. A particular issue to be mindful of with regard to studying vitamin A crops is that vitamin A supplementation, which may be administered to study participants as part of a national public health strategy during the intervention period, can confound study findings. Furthermore, assessment of impact on liver stores of vitamin A (rather than just plasma retinol) is essential to gain a more complete picture of efficacy. Plasma retinol values may need to be adjusted according to inflammation status, as described earlier. Finally, studies carried out in the target populations are of most relevance as response to biofortified foods can be influenced by baseline micronutrient status and possibly genetics.
Zinc
Foods such as meat, nuts, seeds, rice, seafood and cheese are sources of the mineral zinc. Phytates, oxalate, polyphenols and fibre present in plant foods can inhibit zinc absorption, and products of protein digestion can enhance its absorption (La Frano et al. 2014) .
At present, there is a lack of a reliable biomarker for zinc status (Wieringa et al. 2015; Stanner 2017) but serum or plasma zinc does reflect dietary intake and is therefore used for assessing status in populations, though may not be accurate on an individual basis (Benoist et al. 2007 ). Serum zinc is affected by inflammation, infections and time of day; therefore, these factors need to be taken into consideration when sampling. A WHO/UNICEF consensus statement recommends that a prevalence of low zinc status of more than 20% represents a public health concern (Benoist et al. 2007) . Lower cut-offs indicating low serum zinc are as follows: 65 lg/dl (morning, non-fasting) and 57 lg/dl (afternoon) for children under 10 years of Table 4 and accompanying text for full study details. ‡ See individual studies for conversion factors used. § Based on appropriate recommendation for the age and sex of the study population (see Table 1 ).
age; 70 lg/dl (morning, fasting), 66 lg/dl (morning, non-fasting) and 59 lg/dl (afternoon) for females aged 10 years and over; and 74 lg/dl (morning, fasting), 70 lg/dl (morning, non-fasting) and 61 lg/dl (afternoon) for males aged 10 years and over (Hotz et al. 2003) . Zinc absorption can be measured using isotopic techniques. As with other micronutrients, risk of zinc deficiency can be estimated using dietary data, though zinc intake values from foods need to be considered in the context of the overall composition of the diet, which impacts upon phytate:zinc molar ratio (see Table 1 ). Though not specific to zinc deficiency, low height-or length-for-age is used to indicate low zinc status at a population level, with the recommended indicator being when 20% of the population under 5 years is stunted (Benoist et al. 2007 ).
Nutrient retention
Although the retention of zinc in biofortified foods has been investigated less than the retention of carotenoids, some evidence suggests that processing methods such as germination, fermentation and soaking are likely to have a positive effect on zinc bioavailability by reducing phytates and polyphenols (Platel & Srinivasan 2016) . Zinc concentrations have been found to be higher in cooked (boiled and pressure cooked) vs. raw beans, regardless of when or whether prior soaking had been carried out (Carvalho et al. 2012) . However, when testing cowpeas, it was noted that pressure cooking without pre-soaking retained more zinc than boiling but across five varieties, retention was above 85% for all cooking methods (Pereira et al. 2014) .
Zinc wheat
Wheat production worldwide in 2016 was 749 million metric tonnes (FAOSTAT 2018) . Biofortified zinc wheat has been released in China, India, Pakistan and Bolivia. A study comparing zinc-biofortified wheat (41 mg zinc/g) with control wheat (24 mg zinc/g) employed isotope labelling to assess zinc absorption (Rosado et al. 2009 ) (see Table 6 ). Twenty-seven Mexican women (mean age 31 years, BMI 28.0 kg/ m 2 ) consumed 300 g of one of the two wheat types (which were either 95% or 80% extracted) (N.B. 100% extracted wheat is wholemeal and lower extraction results in whiter wheat), as flour tortillas, three times per day for 2 consecutive days. Biofortified wheat contained more phytate than standard wheat but this was largely removed by wheat extraction. Urinary analysis of stable isotopes indicated that a higher quantity of zinc was absorbed from the zinc-biofortified wheat, despite zinc losses caused by extraction, with the total amount absorbed being equivalent to two-thirds of a woman's daily requirements across the three meals.
Zinc rice
Modelling work has predicted that zinc-fortified rice could help to rectify dietary zinc inadequacy in Chinese and Bangladeshi populations for which rice is a staple crop (Arsenault et al. 2010; Qin et al. 2012) . Details of studies measuring effects of zinc rice on biological endpoints can be seen in Table 6 . In a study of 42 healthy, non-malnourished Bangladeshi schoolchildren (aged 3-5 years), consumption of biofortified zinc rice (150 g/day, served with a set menu of other foods) was compared to either control rice or rice fortified with exogenous zinc. The test diets aimed to provide 6.16, 4.28 and 6.16 mg of zinc, respectively, over the course of 1 day (Islam et al. 2013) . Stable isotope techniques were used to assess zinc absorption. Actual zinc intakes were 4.82 mg/day from the biofortified rice diet, 3.81 mg/day from the control rice diet and 6.03 mg/day from the fortified rice diet, with estimated zinc losses of up to 20% occurring during washing of the rice. There was no significant difference in the total amount of zinc absorbed from conventional vs. biofortified rice diet (see Table 6 ). The amount of zinc absorbed from the post-harvest fortified rice, which contained 1.88 mg of zinc fortificant in the amount provided each day, was significantly higher than the amount of zinc absorbed from the control rice and the biofortified rice. Phytate:zinc ratios were estimated to be similar across the diets, though the phytate content of the cooked foods was not measured. Information on phytate content of zincbiofortified foods is crucial for all future studies. A study carried out in Zurich in 16 healthy adults compared hydroponically biofortified rice with post-harvest fortified rice (provided in a single meal, served once in a random order, 4 weeks apart). Similar phytate to zinc ratios and identical total zinc contents were found, and biofortified rice did not convey superior fractional zinc absorption (Brni c et al. 2015) .
Summary
Crops biofortified with zinc have been released relatively recently compared to other biofortified crops; therefore, less is known about their efficacy at present. Evidence from one small study indicates that additional zinc present in biofortified wheat is absorbed. One study looking at zinc-biofortified rice reported no significant difference in the amount of zinc absorbed vs. conventional rice, with post-harvest fortified rice resulting in significantly more absorbed zinc. A study comparing agronomically biofortified rice with post-harvest fortified zinc rice reported no significant difference in fractional zinc absorption. Studies looking into the efficacy of zinc rice and zinc wheat biofortified using foliar spraying are due to be published in the near future. The phytate:zinc ratio of the overall diet of each population studied needs to be considered when estimating the efficacy of zinc-biofortified crops.
Iron
Iron is present in two forms within foods, haem iron (found in animal foods such as meat, fish and eggs) and non-haem iron (found in plant foods such as cereals, pulses, nuts, potatoes and dark green vegetables). Haem iron is more bioavailable than non-haem iron, with the absorption of the latter being inhibited by phytate, tannins (present in tea), casein (present in milk) and enhanced by vitamin C (present in fruit and vegetables), though it is thought that over time the body adapts and the effect of inhibitors and enhancers is attenuated (Agget 2017) .
Vitamin A, riboflavin and folate are involved in iron metabolism and mobilisation in the body; therefore, low intakes of iron can be exacerbated by co-existing deficiencies. Iron status is normally assessed via the measurement of haemoglobin (to indicate anaemia, see Table 7 ) and ferritin (to indicate iron depots). Iron deficiency has been defined as serum ferritin below 15 lg/l in adults and children aged 5 years and over, and below 12 lg/l in children aged 1.5-4 years (Agget 2017) . Total body iron can be calculated using ferritin and soluble transferrin receptor values, which can be affected by inflammation and malaria respectively. Therefore, it is recommended that in settings with high rates of infection, CRP or AGP are also measured in order to prevent underestimation of low total body iron (Mei et al. 2017) .
Nutrient retention
Heating foods can help to release iron from the ferritin protein matrix, enhancing bioavailability, although iron can be lost into cooking water (Carvalho et al. 2012 ). However, not all non-haem iron exists within ferritin. A 2014 study reported that only 13-35% of iron present in beans was stored in ferritin, the rest being non-ferritin bound (Hoppler et al. 2014) . High-iron beans produced using biofortification were found to contain more ferritin and nonferritin iron than standard beans. Whilst not fully characterised, it is known that iron within beans can form complexes with phytate and possibly polyphenols. In general, iron retention in both cowpeas and beans is reported to be high (up to 99%) after boiling and pressure cooking (Pereira et al. 2014) . Iron in rice and wheat is also thought to be mainly bound to phytate, and milling, polishing of grains, heating, fermentation and soaking can improve bioavailability by degrading phytate (Hurrell & Egli 2010) .
Iron beans
Biofortified beans can contain twice as much iron as standard beans but more phytate, and it is thought that much of the extra iron present in biofortified beans is bound to phytate (Hoppler et al. 2014) . This would explain the lower than predicted fractional absorption of iron from biofortified beans, as demonstrated by a series of human studies (Petry et al. 2012 (Petry et al. , 2016 ) (see Table 8 ), though total iron absorbed was still significantly higher from biofortified iron beans compared to standard beans. In order to tackle this, low phytate beans have been developed but reports that the beans were difficult to cook and caused gastrointestinal symptoms (Petry et al. 2016) indicate that more refinement is needed to increase acceptability. Coloured beans contain more polyphenols than white beans and these compounds may inhibit iron absorption (to varying degrees, depending on the exact polyphenols present and the presence of phytates and other meal components). Therefore, white beans may be preferable for biofortification but, as with sweet potato, cassava and maize, bean colour can affect consumer preference. Furthermore, the impact of polyphenols on bioavailability is not sufficiently straightforward, due to the aforementioned modifying factors, to warrant exclusive use of white beans (Boy et al. 2017) . In a randomised, double-blind controlled study conducted in Rwanda, 195 women with low iron status (serum ferritin <20 lg/l), but not anaemia (haemoglobin ≥90 g/l), were randomised to consume standard carioca-grain type beans (containing 50 mg iron per kg) or iron-biofortified beans (containing 86 mg iron per kg) (Haas et al. 2016 ) (see Table 8 ). These were consumed twice per day for 128 consecutive days (mean cooked weight 43 kg in total), as part of supplied meals. The intervention group consumed 14.5 mg of iron from the beans per day vs. 8.6 mg in the control group. Haemoglobin increased by 3.0 g/l in the iron-biofortified bean group and decreased by 1.2 g/l in the control group (P < 0.001). Serum ferritin and total body iron also both significantly increased in the iron-biofortified bean group vs. the control group. As the same side dishes were provided to the subjects for consumption with the beans, the authors state that intakes of food components that enhance and inhibit iron absorption were likely to be similar and, in addition, adjustment for CRP did not affect the findings. Cognitive performance was measured in a subsection of the women (n = 150), using five measures of functioning thought to be dependent on iron status Biofortified crops for micronutrient deficiencies Murray-Kolb et al. 2017) . Baseline measures did not differ between the two groups. Consumption of ironbiofortified beans, compared to standard beans, resulted in significantly greater improvements in variables relating to spatial selective attention, memory retrieval and memory search, providing evidence of cognitive benefits but there were no significant differences in the other tests (see Table 8 ). Increases in iron status (serum ferritin and total body iron) positively correlated with reduced (improved) reaction times. The fact that the subjects of this study were university students (and therefore well educated) limits the generalisability of the findings, and this is the only study of its kind at present.
Iron (and zinc) pearl millet
Pearl millet is a staple crop for many in western India and Africa due to its hardiness in hot, dry climates. Recent data from Rajasthan in India suggest daily intakes of roasted pearl millet flour of~170 g among women (Singh & Parihar 2018) . Standard pearl millet can contain~2 mg iron per 100 g whereas biofortified varieties can contain~8 mg per 100 g (Boy et al. 2017) . Pearl millet husks are purple in colour due to the presence of tannins, which are thought to inhibit iron absorption. The chelating properties of tannins can be reduced by the presence of vitamin C. The bioavailability of additional iron present within biofortified pearl millet has been tested in different populations (see Table 8 ).
In an acute study carried out in northern Karnataka (south India), 40 infants aged 22-35 months with plasma ferritin below 12 mg/l (but adequate plasma zinc status) consumed three test meals based on either iron-and zinc-biofortified or standard pearl millet, including porridge and flatbread, over the course of 1 day (Kodkany et al. 2013) . Eighty-four grams per day of pearl millet flour was consumed on average in both groups. Biofortified grain had a phytate:zinc molar ratio of 9:1 vs. 24:1 in the standard grain (data from the cooked test meals were not available). Stable isotopes were used to ascertain the absorption of iron and zinc. The absorbed quantities of both micronutrients were significantly higher after consumption of the biofortified pearl millet compared to the standard version (1 mg vs. 0.7 mg for zinc and 0.7 mg vs. 0.2 mg for iron, respectively), providing evidence that the additional iron and zinc present was bioavailable. An investigation of the effect of iron-and zinc-biofortified pearl millet on functional outcomes such as growth, immune and cognitive function in infants aged 12-18 months is currently underway in Mumbai .
In a randomised, double-blind chronic study, 246 adolescents aged 12-16 years (median haemoglobin 12.5 g/dl) in India consumed 200-300 g of standard or iron-biofortified pearl millet, in the form of unleavened bread, per day for 6 months (Finkelstein et al. 2015) . Around 40% of the subjects had stunted growth at baseline and 43% were iron deficient (serum ferritin below 15 lg/l). Baseline iron status, inflammation and the amount of study foods consumed were similar between the two groups. The ironbiofortified pearl millet used for the duration of the study contained 86.3 mg iron/kg whereas the standard millet used during the first 4 months of the intervention contained 21.8 mg iron/kg, and was then replaced with a different variety containing 52.1 mg iron/kg for the last 2 months as stocks ran out. When considering the whole 6-month period, there were no significant differences in serum ferritin, haemoglobin and total body iron between the two groups but after the first 4 months, serum ferritin and total body iron significantly increased in the biofortified pearl millet group compared to the control. The median increases in serum ferritin were 5.7 lg/l vs. 1.2 lg/l, respectively. In those who were iron deficient at baseline, consumption of biofortified pearl millet made it 1.64 times more likely that they would be iron replete at 6 month vs. the control group. In the control group, receiving standard pearl millet with a higher iron content for the last 2 months of the intervention (due to stock issues) resulted in significantly higher increases in serum ferritin and total body iron from month 4 to month 6 vs. baseline to month 4. Overall, the biofortified pearl millet significantly improved iron status compared to standard pearl millet and the response was greater in those who were iron deficient at baseline, but there was no effect on the incidence of anaemia. The study setting (a boarding school) may limit the generalisability of the findings and the status of other micronutrients that interact with iron was not measured.
In Benin, West Africa, iron absorption after the consumption of iron-biofortified pearl millet, was tested in 20 healthy young women aged 17-35 years (Cercamondi et al. 2013), 15 of which had low plasma ferritin at baseline. Using a randomised cross-over design, subjects consumed either standard millet, biofortified millet or post-harvest-fortified millet in a random order, twice per day for 5 days, each separated by a 3-day washout period. The test meals provided were traditional dishes of millet paste with vegetable sauces (okra and leafy vegetables). Total iron absorption (ascertained using stable isotopes) was significantly higher from the biofortified millet than the standard millet (1.13 mg/day vs. 0.53 mg/day), but the post-harvest iron-fortified millet resulted in significantly more iron being absorbed than the biofortified millet (1.5 mg/day) despite both containing the same amount of iron, possibly due to the lower phytate:iron ratio. The authors point out that other foods traditionally consumed with pearl millet, such as peanut and pumpkin seed paste, are high in phytates and could bind additional iron present in biofortified pearl millet thus reducing its effectiveness.
Iron rice
A double-blind, randomised study carried out on 317 young women from 10 convents in the Philippines compared rice varieties with high and low iron contents, which were consumed ad libitum for 9 months as part of daily meals served in communal dining halls (Haas et al. 2005 ) (see Table 8 ). The final sample size excluding dropouts and incomplete data sets was 192 (92 in the iron rice group, 100 in the control group). Thirty-one per cent of the control group and 25% of the biofortified rice group were anaemic and 32% and 25%, respectively, had serum ferritin below 12 lg/l at baseline. There were no significant differences overall between the iron rice group and control group in haemoglobin, serum ferritin or total body iron at the end of the study. However, significant improvements in body iron and serum ferritin were seen among nonanaemic women in the high-iron rice group vs. nonanaemic women in the control group (subgroup n = 138) (largest in magnitude in those with lowest iron status at baseline). Rice consumption was 11% lower in the intervention group and the authors speculated this may have been due to the grey colour of the biofortified rice. Low genetic variability among rice varieties, substantial losses during rice polishing and low iron contents compared to beans and pearl millet restrict the potential usefulness of this crop in enhancing iron status (Boy et al. 2017 ).
Summary
Data show that a variety of iron-biofortified crops can supply nutritionally relevant amounts of dietary iron compared to standard crops (Table 9 ). There is evidence that iron-biofortified crops can increase iron status in different population groups (Finkelstein et al. 2015; Haas et al. 2016) and one study suggests improvements in cognitive performance (Murray-Kolb et al. 2017) . Interestingly, a meta-analysis including three studies (measuring the efficacy of iron rice in the Philippines after 9 months, iron pearl millet in India after 6 months, and iron beans in Rwanda after 4.5 months) found that, overall, iron-biofortified crops significantly increased serum ferritin (by 1.1 lg/l) and total body iron (by 0.43 mg/kg) but there were no significant effects on haemoglobin, compared with standard crops . However, Table 9 Reported daily iron intake at the end of the intervention period in studies of intake of iron-biofortified crops on micronutrient status ≥3-month duration Table 8 and accompanying text for full study details. ‡
WHO/FAO (2004)
. § Based on appropriate recommendation for the age and sex of the study population (see Table 1 ), assuming a diet with 15% bioavailability. ¶ subgroup analysis revealed that haemoglobin did significantly increase in those who were anaemic at baseline (haemoglobin <120 g/l). This important consideration needs to be taken into account in the design of future studies, along with inflammatory status and presence of malaria, and more longer term studies measuring health outcomes are needed. Studies looking into the effect of iron-biofortified crops on physical performance have been carried out, with results expected to be published in full in the near future (De Moura et al. 2014; Luna et al. 2015a,b) . The findings of these will be of particular interest in relation to productivity. In future studies, increased focus on the overall diet will be important because the presence or absence certain foods (e.g. vitamin Crich foods, such a citrus fruit, fruit juices and some vegetables) can influence iron bioavailability. Detailed food composition tables are now available for locally consumed foods, which can help provide a fuller picture of dietary quality (Sch€ onfeldt et al. 2013; FAO 2017) .
What is the uptake and acceptance of biofortified crops?
Several developing countries have included the use of biofortified crops in national strategies (Mejia et al. 2017 ) (see Table 10 ). Individual estimates of reach by country and crop can be seen in Table 11 . Acceptance by farmers and consumers is crucial to the potential impact of biofortified crops. A 2016 meta-analysis including 23 studies (9507 respondents) reported that consumers are willing to pay around 20% more for biofortified crops (De Steur et al. 2017) and providing nutritional information has been found to increase the value placed on crops (Naico & Lusk 2010) . Farmer acceptability studies have reported positive views of consumption and production attributes of orange maize, irons beans and iron pearl millet (Chibwe et al. 2013; Karandikar et al. 2013; Murekezi et al. 2013) . Promising results have also been reported from consumer acceptance studies in that biofortified crops were liked from a sensory perspective (Birol et al. 2015) .
Scaling-up and mainstreaming biofortification
Overall there is evidence that biofortified crops can significantly improve micronutrient status but more long-term efficacy trials are needed to fully determine the potential health impacts of biofortified foods, recognising that micronutrient absorption may differ between populations depending on factors such as nutritional status, genotype and other dietary components, and cooking methods used may impact on bioavailability.
As discussed in the following section of this paper and elsewhere (Garcia-Casal et al. 2017; Saltzman et al. 2017) , many factors need to be considered with regard to biofortification as a public health strategy. (2011) (2012) (2013) (2014) (2015) Information supplied by HarvestPlus. Details of individual policies and initiatives can be found in Mejia et al. (2017) .
Would biofortification benefit European countries such as the UK?
Previous sections of this paper have focused on published evidence that has considered whether people with very low intakes of micronutrients (vitamin A, zinc and iron) can benefit from consumption of biofortified crops. Much of the evidence, to date, is from developing countries, where micronutrient deficiency is relatively common and often severe. This section considers the relevance of crops biofortified with micronutrients in countries such as the UK. Data from Years 7 (2014 Years 7 ( -2015 and 8 (2015-2016) of the UK National Diet and Nutrition Survey (NDNS) Rolling Programme (Roberts et al. 2018) show that mean dietary intakes of some micronutrients were below the reference nutrient intake (RNI; the intake adequate for 97.5% of a population) in some age groups, and a significant proportion of some demographic groups had intakes below the lower reference nutrient intake (LRNI; the level of intake considered likely to be sufficient to meet the needs of only 2.5% of the population to which it applies) (Table 12 ).
In general, low intakes of micronutrients are limited to adolescents and young adults. With the exception of zinc, mean daily intakes of most micronutrients are above the RNIs in children under 11 years and few children in this age group have intakes below the LRNI (Roberts et al. 2018) . Exceptions to this are discussed below and it should be noted that diary length (3 or 4 days) may influence estimates of those micronutrients, such as vitamin A, which are not widely distributed in food.
A similar picture is seen elsewhere in Europe. Nutrition survey data from a range of European countries (Belgium, Denmark, France, Germany, the Netherlands, Poland, Spain and the UK) (Mensink et al. 2013) show that for vitamins, with the exception of vitamin D, there is a low risk of low intakes. However, as in the UK, low intakes of minerals are more prevalent: more than 5% of 11-17 year-olds had Values include the number of households who have acquired planting material in that year, as well as the number of households that had acquired biofortified planting in the previous years, corrected for diffusion, disadoption and duplication across the previous years. Data supplied by HarvestPlus. Numbers in bold indicate where 10% or more of the age group have intakes below LRNI. Sources: Roberts et al. (2018); COMA (1991) .
intakes below the LRNI for calcium, iodine, iron, magnesium, potassium and selenium (Mensink et al. 2013) , and in some countries, for some nutrients, this rose to above 10%.
Micronutrient intakes in the UK
Iron
In the UK, there is a large proportion of females aged 11-64 years with iron intakes below the LRNI (54% of girls aged 11-18 years and 27% of women 19-64 years in 2014-2016) . For other demographic groups, the prevalence of low intakes is much lower (Table 12 ). The current situation in adolescent girls indicates that matters have worsened over time. In girls aged 11-18 years, 43%, 49% and 48% had intakes below the LRNI in 2008 -2012 -2014 , respectively (Bates et al. 2016 (and the figure is now 54%). The respective percentages for women aged 19-64 years are 21%, 24% and 27%, compared to the current 27% (Roberts et al. 2018) .
The mean intake of iron in girls aged 11-18 years is now 8.3 mg/day, just 56% of the RNI, rising slightly to 9.3 mg/day in women aged 19-64 years, 76% of the RNI, illustrating that the low intakes of iron evident in adolescent girls persist into adulthood. It is worth noting that the iron requirements of women of childbearing age are higher than those of older (postmenopausal) women. The latest NDNS does not break down the data for adults 19-64 years into age subgroups. However, from earlier years of the NDNS Rolling Programme, it is evident that the low intakes in adolescent girls persist into adulthood. In Years 1-4 of the NDNS (combined), intakes were below the LRNI in 44% of 11-15 year-olds, 40% of 16-24 year-olds and 29% of women aged 25-49 years (Bates et al. 2014) .
As described earlier in this paper, iron deficiency anaemia has multiple health effects and there is continued evidence of anaemia in the UK, especially among females. Nine per cent of adolescent girls aged 11-18 years and 5% of women aged 19-64 years have both a low plasma haemoglobin level and a low plasma ferritin (Roberts et al. 2018) . It is perhaps not a coincidence that in recent years there has been a reduction in consumption of red meat, a bioavailable source of dietary iron. Advice for adults with relatively high intakes of red and processed meat (around 90 g/day or more) is to consider reducing intake to around 70 g/day (SACN 2010) . Mean consumption of red and processed meat has since fallen in adolescent girls aged 11-18 years, to 44 g/day, although this reduction was not statistically significant and there has been a statistically significant reduction, from NDNS Years 1 and 2, in red meat intakes in females aged 19-64 years to 47 g/day (Roberts et al. 2018) . The dominant sources of iron in the UK for adolescents (11-18 years) and adults aged 19-64 are: cereals (51% and 38%, respectively), meat/meat products (19% and 21%, respectively) and vegetables/potatoes (12% and 15%, respectively). It is noteworthy that much of the iron from cereals is provided via fortification and hence can be of much lower bioavailability (SACN 2010).
Zinc
As described earlier, zinc is required for many functions in the body including growth and immunity. In the UK, zinc is the one micronutrient that is relatively low in the diets of 4-10 year-olds: mean intake is only 83% of the RNI and 11% of 4-10 year-olds have intakes below the LRNI (Table 12) . Intakes in those in the UK aged 11-18 years (7.2 mg/day) are lower than in adults (8.7 mg/day). The dominant dietary sources among 11-18 year-olds are meat/meat products (33%), cereals/cereal products (31%), milk/milk products (15%) and vegetables/potatoes (9%). Among UK 11-18 year-olds, 18% of boys and 27% girls have zinc intakes below the LRNI (Table 12 ) and the mean zinc intake of those aged 4-18 years is below the RNI in both males and females. However, in other age/sex groups mean zinc intakes are above, or close to, the RNI (Roberts et al. 2018) .
As already discussed, the bioavailability of zinc (and iron) is dependent on dietary composition. Data from the Oxford cohort (comprising >65 000 subjects, including 6673 vegetarians and 803 vegans) of the European Prospective Investigation into Cancer and Nutrition (EPIC) study were adjusted for the lower bioavailability of zinc (and iron) from vegetarian and vegan sources and indicated that those following meat-free diets had increased risk of an inadequate zinc intake. Furthermore, vegetarians and vegans are also more likely to have inadequate intake of selenium, iodine and vitamin B 12 than consumers of meat, based on food intake assessed by FFQs (Sobiecki et al. 2016) . However, more vegans reported taking supplements than meat eaters (particularly those containing vitamin B 12 ). Also, portion sizes of staple plant foods consumed by vegetarians and vegans may be higher than the standard portion sizes (based on the general population) used for the analysis; therefore, the prevalence of dietary inadequacies may be lower than suggested by FFQ data. Incorrect coding of specialist vegan foods, which would be free from animal products, by researchers as standard (non-vegan) versions also limits the accuracy of the data produced from this study.
Vitamin A
Within the UK, mean vitamin A consumption is close to or above the RNI in the majority of age/sex groups. Only a small proportion of UK adults have vitamin A intakes below the LRNI, but there is a larger proportion of children aged 1.5-18 years with intakes below the LRNI. The adequacy of current intakes has been confirmed by biochemical measurement of plasma retinol. The mean concentration for all age/sex groups was above the limit of marginal status for retinol and the proportion of each demographic below the threshold for low status was very low in Years 1-4 of the NDNS. (Bates et al. 2014 ). However, as described earlier in this paper, plasma retinol measures do not accurately reflect liver stores and so this measure alone cannot detect suboptimal status.
Iodine
Over a quarter (27%) of adolescent girls (11-18 years) have iodine intakes below the LRNI. In women aged 19-64 years, the figure is now 15%, having risen from 9% in 2008 (Roberts et al. 2018 . Iodine status is being monitored in the NDNS because iodine is crucial for the developing brain and severe iodine deficiency during pregnancy can cause cognitive impairment in the offspring (Skeaff 2011) . Roberts et al. (2018) report that the median urinary iodine of women of childbearing age (16-49 years) in the UK in 2015-2016 was 102 lg/l with 17% of the population below 50 lg/l. Roberts et al. report that whilst these values meet the WHO criterion for adequate intake for the general population, they do not meet the criterion for iodine sufficiency in pregnant and lactating women (i.e. a median urinary iodine concentration within 150-249 lg/l).
Globally, iodine intakes in children have been increasing, largely due to successful salt iodisation programmes (Andersson et al. 2010) , but in the absence of iodisation of salt and with falling milk consumption in the UK, the proportion of intakes falling below the LRNI has been increasing in both boys and girls. For example, in 11-18 year-old girls, the percentage below the LRNI has increased from 19% to 27% and in boys of the same age from 7% to 14%, over the past 8 years (Roberts et al. 2018) . It should be noted that these increases in percentages of the population with intakes below the LRNI have not been statistically tested and, where numbers are small, there will be year-to-year fluctuations. Mean intakes are currently 119 lg/day in children aged 11-18 years compared to 156 lg/day in adults aged 19-64 years (compared to 124 and 164 lg, respectively, in 2008-2010) . The dominant dietary sources of iodine consumed by 11-18 year-olds are milk/milk products (40%), cereals/cereal products (17%), meat/meat products (11%) and fish/fish products (10%) (Roberts et al. 2018) . Across Europe, in places where salt is fortified with iodine, there is a smaller proportion of the population with poor iodine status and intake (Mensink et al. 2013) .
Vitamin D
NDNS data provide evidence of suboptimal vitamin D status [plasma 25-hydroxyvitamin D (25OHD) below 25 nmol/l] within the UK population (Table 13) . Vitamin D is required for musculoskeletal health and has become a particular focus due to a resurgence in rickets cases, a vitamin D deficiency disease previously eradicated in the UK in the 1950s through post-war improvements in diet (including a fortification programme) and living conditions (Goldacre et al. 2014 ; SACN (Scientific Advisory Committee on Nutrition) 2016). UK diets typically provide around 2-3.5 lg/day of vitamin D. With reliance on the sun for large amounts of our requirements, low vitamin D status is more common in the winter months (between October and March). Some ethnic groups living in the UK are particularly prone to vitamin D deficiency due to the dark pigmentation of their skin coupled with the lower level of sun irradiation at UK latitudes, as well as cultural clothing norms that limit skin exposure Sources: Roberts et al. (2018 ), COMA (1991 . † Figure for children aged 4-10 years (boys and girls combined). (Absoud et al. 2011) . Achieving sufficient vitamin D from the diet is challenging as there are relatively few dietary sources of vitamin D (main sources are eggs, fat spreads, meat, oil-rich fish and fortified cereal products) and consumption of oil-rich fish in the UK is low. Based on advice from SACN (SACN 2016), the UK government has introduced a daily reference intake for the general population of 10 lg/day, throughout the year, for everyone aged 4 years and older. There are separate (though similar) recommendations for those below 4 years of age (SACN 2016) . To achieve this level of intake, the government recommends that the general population should consider taking a daily supplement containing 10 lg of vitamin D from October to March. The impact of this advice will be monitored via the NDNS. However, supplement usage is generally not high among the UK population and other approaches may need to be considered, such as fortification (used to good effect in the past) or potentially biofortification, were this to be feasible. Poor vitamin D status is not just a phenomenon seen in the UK (Spiro & Buttriss 2014) . Across Europe, serum 25OHD levels were investigated in almost 56 000 European children, adolescents, adults and older adults. It was concluded that 13% (17.7% in the winter months and 8.2% in the summer months) of Europeans have vitamin D levels indicative of deficiency (<30 nmol/l), the proportion of dark-skinned individuals below the threshold is higher, and in the majority of European countries, populations are not reaching the SACN recommendations of 10 lg of vitamin D per day (Cashman et al. 2016) . This demonstrates that low vitamin D status, especially in the winter, is a problem across Europe, not just in the UK.
Folate
The prevalence of low dietary intakes of folate in the UK is shown in Table 12 . Current intake for women aged 19-64 years, from food sources only, is 214 lg/ day. In addition to intake from food/drinks, women of childbearing age should take a daily supplement of 400 lg/day to protect against neural tube defects. Despite the recommendations, in 2011-2012 31% of women took folic acid supplements before pregnancy and this fell to 6% of women aged under 20 years (SACN 2017) . Data from the Health Survey for England indicate that women from the most socioeconomically deprived areas are less likely to take folic acid supplements before pregnancy (43% did so compared to 70% in the least socioeconomically deprived areas) (Blake et al. 2003) . Given the link with risk of neural tube defects in developing embryos, it is of concern that there appears to have been a downward trend in the concentration of markers of folate status and an increase in the percentages of people with blood folate concentrations below clinical thresholds (indicating folate deficiency and risk of anaemia) over the 8 years the NDNS survey has been running (Roberts et al. 2018) . Ninety-one per cent of women of childbearing age in the UK had a red blood cell folate concentration indicating elevated risk of a neural tube defect during a pregnancy in Years 7 and 8 of the NDNS. SACN has repeatedly advised on the need to consider a folic acid fortification programme in the UK (SACN 2017) ; this has yet to be implemented.
Other micronutrients
Despite the evidence that magnesium, potassium and selenium intakes are below the LRNI in a substantial proportion of the UK population, particularly in older children and adults, the health implications of this are unclear as the DRVs for these minerals are based on limited data. This means that caution should be used when assessing adequacy of intake using the LRNI for these nutrients (Bates et al. 2014 ). All demographic groups over the age of 10 years have mean and median intakes of magnesium (except in men aged 19-64 years), selenium and potassium below the RNI, and a large proportion of several demographic groups have intakes below the LRNI of these minerals (Table 12) (Roberts et al. 2018) .
National Diet and Nutrition Survey data on food consumption patterns
Global experience with biofortification has focused on three nutrients: iron, zinc and vitamin A. As discussed, vitamin A status is adequate in the UK but there is evidence of low intakes of iron and to a lesser extent zinc in some age/sex groups. Whether integration of biofortification into the UK food supply might be of benefit from a nutrition perspective is reliant on a number of factors, not least of which is the volume of foods that are typically biofortified with relevant nutrients (e.g. iron and zinc) that are habitually consumed in the UK. Consumption of these crops would need to be estimated for the UK, and specifically for the populations within the UK with intakes below the LRNI. To gauge this, current UK intakes of rice, pasta, sweet potato, beans, wheat-based cereal and bread have been calculated from raw NDNS dietary data collected from 2546 individuals from Years 5 and 6 of the Rolling Programme (Bates et al. 2016) . Whilst wheat is an ingredient in many products consumed in the UK, bread and pasta were chosen for the analysis as other wheat-containing products, such as cakes and biscuits, can be high in salt, sugars or fats, and excess consumption of these products is not encouraged.
The data in Table 14 suggest that using biofortified wheat (consumed in many forms including pasta, bread, wheat-based breakfast cereals, as well as noodles, biscuits, cakes, pancakes, etc., and therefore likely to be eaten several times per day) and rice might have the greatest potential within the UK as these are widely consumed foods. The micronutrient contents of these foods can be found in Table 15 . Bread already contributes significantly to the intake of iron, zinc, magnesium and selenium in the UK (Bates et al. 2016 ); however, it should be noted that much of the bread consumed in the UK is already fortified with iron (as well as thiamine, nicotinic acid and calcium) in line with the Bread and Flour Regulations 1998. Furthermore, and very importantly, there are currently no published studies looking at the effect of iron-biofortified wheat consumption on iron status. Sweet potato is not consumed by large proportions of the UK population (4.2% of the survey population consumed sweet potato over the period of NDNS data collection) and is consumed in much lower quantities than in developing countries.
Other considerations include the pros and cons of biofortification vs. other routes to achieve nutritional improvements, such as fortification or supplementation, consumer acceptability, supply chain issues and processing challenges. These are discussed on the next page.
What can we learn from previous studies on biofortification in developed countries?
The history of selenium biofortification of wheat in Finland
To date, only Finland has taken a country-wide measure to agronomically biofortify wheat with selenium (Alfthan et al. 2015) ; incorporation of inorganic selenium into all multi-element fertilisers became mandatory in 1984 in order to tackle the low selenium concentration in local soils. There has been a particular focus on enhancing the selenium concentration in wheat and the selenium status of the Finnish population has subsequently improved significantly (Eurola et al. 1991 (Eurola et al. , 2004 Ekholm et al. 2007 ). In the 1970s, Finland had one of the lowest selenium intakes in the world (Stoffaneller & Morse 2015) , at around 0.025 mg/day (Alfthan et al. 2015) , whereas now selenium intakes are adequate on average and the mean plasma selenium concentration has increased from 0.89 to 1.40 lmol/l since implementation of the biofortification programme (Alfthan et al. 2015) .
Biofortification of wheat with selenium in the UK and other developed countries Differences in soil, climatic and cropping conditions mean that further research would need to be undertaken to determine the feasibility of implementing selenium biofortification in other developed countries. Trials in the UK of selenium biofortification of wheat by liquid or granular selenium fertilisation indicate that enhancing the selenium content of wheat through agronomic biofortification is potentially feasible (Broadley et al. 2010) . Treatment of wheat crops with selenium fertiliser led to an increase in grain selenium concentration of 16-26 ng of selenium per g of crop (fresh weight), for each g of selenium applied per hectare, whilst demonstrating no effect on yield and harvest index and no visible phytotoxicity symptoms at application rates of up to 100 g of selenium applied to each hectare (Broadley et al. 2010) . Similar results have been demonstrated in other developed countries; for instance, in New Zealand where grain selenium concentration increased by 18 ng Se/g fresh weight per g of selenium applied to each hectare (Curtin et al. 2008) . However, the small margin between adequate selenium intake and toxicity and the current inadequate knowledge of the fate of selenium in the soil and food chain following grain processing means that further is needed before any selenium biofortification strategy could be considered within the UK (Broadley et al. 2010) .
The development of vitamin D-enhanced eggs through biofortification methods in developed countries
The potential of developing vitamin D-enhanced eggs, through addition of vitamin D 3 and/or 25-hydroxyvitamin D 3 (25OHD 3 ) to chicken feed, has been investigated. In a winter 8-week randomised controlled trial in 55 healthy Irish adults aged 45-70 years, additional vitamin D 3 and/or 25OHD 3 incorporated within hens' eggs was shown to significantly increase serum 25OHD in the subjects, without affecting bodyweight or serum cholesterol (Hayes et al. 2016) . The study also demonstrated no significant differences in the sensory profile of the vitamin D-enhanced eggs compared to standard eggs, and this has been confirmed in other small-scale studies (Hayes et al. 2015) and in studies in which the eggs have exceeded the 'European allowable upper amount of vitamin D in feed' (Mattila et al. 1999; Yao et al. 2013) . Vitamin D biofortified products have specific relevance in the UK due to the population's low vitamin D status, particularly in winter (Table 13 ). All studies conducted in this area to date have been small scale and further investigation would be required using randomised controlled trials over a longer time period and with a larger number of subjects to reliably assess the potential benefits of vitamin D-enhanced eggs into the UK food system.
What questions need to be addressed before considering biofortification within the UK?
To determine whether there is a role for biofortified crops in the UK, there are a number of considerations. An important one is whether or not current micronutrient intakes and status in population subgroups in the UK warrant a strategy delivered through biofortification; for example, other routes such as post-harvest fortification or supplementation may make it easier to target specific population groups, be more efficient or more cost effective. The potential large-scale and measurable impact on public health will depend on many factors unrelated to nutrition, including consumer and governmental perspectives (Hotz & McClafferty 2007) . Some of the questions that need consideration are listed below; these were the focus of a workshop entitled 'Working together to consider the role of biofortification in the global foods chain' that took place in London in May 2018 (see Lockyer et al. 2018) .
(1) What strategies to improve micronutrient intake currently exist in the UK? Could biofortification contribute or make a greater impact?
There is a need to analyse what measures currently exist in the UK to improve micronutrient status, such as targeted advice, ingredient selection, supplementation (e.g. the Healthy Start scheme supplying vitamins to young children and pregnant women) and mandatory fortification (e.g. of flour), and whether or not biofortification has the potential to be more cost effective and have a larger public health impact than those currently in place. (2) Is there a public health case for use of currently available biofortified crops in countries such as the UK?
Some of the considerations are discussed in the sections 'Micronutrient intakes in the UK' and 'National Diet and Nutrition Survey data on food consumption patterns'.
(3) Is there a public health case to consider biofortification of crops with nutrients other than iron, zinc and vitamin A?
Previous work has investigated the potential of vitamin D biofortified eggs (Hayes et al. 2016; Hayes & Cashman 2017 ) and biofortifying food crops with selenium (Broadley et al. 2006) , including piloting selenium wheat (Adams 2008) . Again, some of the opportunities and issues are discussed in the section 'What can we learn from previous studies on biofortification in developed countries?'.
(4) How could biofortified foods be integrated into food systems in countries such as the UK?
There are several options including product substitutions (such as using iron beans to make baked beans) and novel innovation (e.g. introducing pearl millet as a breakfast porridge).
(5) What are the manufacturing challenges?
For example, might the consistency of the crop or the water retention of the crop differ from those currently used and therefore affect the crop's interaction with processing machinery? (6) Does the current regulatory framework support use of biofortified foods and are there opportunities for improvement?
The UK currently operates within the regulatory framework established for the EU, but over the next few years, as the UK exits the EU, adjustments to the current framework could potentially be considered.
(7) Can and should Standards be used to distinguish biofortified crops and foods across the food chain?
Would a standard definition of biofortified crops, including minimum levels of micronutrients required for use of the term 'biofortified', be useful?
Could minimum micronutrient levels in crops be set under UK law or could the production of crops with higher micronutrient densities be incentivised by demand from manufacturers? (8) Will consumers accept biofortified foods, and buy and consume them in sufficient quantities to have an impact on nutrition?
Consumer acceptance of biofortified crops has been previously tested in developing countries through sensory tests and economic valuations of biofortified foods (Birol et al. 2015; Johnson et al. 2015) . Whilst the results form a useful starting point, there are likely to be substantial differences not least because of the differences in dietary patterns and prosperity. Therefore, country-relevant testing would be required among UK consumers.
(9) Is there an opportunity for biofortified crops to be grown by UK farmers?
Climate and the requirement for specific growing conditions will be a key factor. Also of importance is whether the crops developed to date would be viable options for UK farmers and attractive propositions for use in mainstream food retailing.
(10) What potential is there to import biofortified foods?
With half of the food consumed in the UK imported (Defra 2017 ) and some of the crops developed by HarvestPlus not suitable to be grown in the UK climate, importation would be an option. What would the impact of this be? For example, are worldwide supplies sufficient? What potential is there to increase production in countries climatically suited to production? Would such a strategy negatively affect communities currently reliant on biofortification?
(11) What type of communication strategies would be needed?
Biofortified crops currently in production are the result of standard plant breeding techniques. But given the continued public concern about other techniques, in particular genetic modification (GM), and the resistance in some parts of the world to post-harvest fortification of flour with folic acid, a transparent communications strategy would be essential. Micronutrient intakes and status are likely to be unfamiliar topics to many UK consumers, who may be more engaged in nutritional issues such as calories, saturated fat and sugar. Could a public health campaign focusing on micronutrients and population groups of concern be effective in raising awareness?
(12) Are there any risks or is there potential for adverse effects in relation to biofortification, either in the UK or in developing countries? Some micronutrients can be toxic in excess. Retinol (preformed vitamin A) is a well-recognised example.
Excessive intake by pregnant women can result in malformation of unborn babies. Signs and symptoms of acute and chronic hypervitaminosis A are skin disorders, nausea, vomiting, disorders of the musculoskeletal system and liver damage, and toxicity causes bulging fontanelle and increased intracranial pressure in infants (EFSA Panel on Dietetic Products Nutrition & Allergies 2015a,b). Tolerable upper intake levels for vitamin A are 3000 lg retinol equivalent (RE) per day for adults and less for children, but there are insufficient data to set tolerable upper intake levels for b-carotene (EFSA 2017). Another example is selenium, excessive intake of which causes selenosis (EFSA Panel on Dietetic Products Nutrition Allergies 2014). The tolerable upper intake level set by EFSA is 300 lg/day (EFSA 2017) and the adequate intake value for adults is 70 lg/day (EFSA Panel on Dietetic Products Nutrition & Allergies 2017). Hence, the two values are far closer together than for most other micronutrients (EFSA 2017).
Conclusion
Biofortification has been successful in improving nutrient intake and status in some areas where micronutrient deficiency is commonplace. In a number of developing countries, biofortification is now embedded into local nutrition strategies. To identify whether there is a role and/or a market for such food items in countries such as the UK, where the diet, nutritional landscape and consumer expectations are very different, requires a number of questions to be considered in some detail. Some of these questions are catalogued in this paper and have been discussed in detail at a workshop in London in May 2018 .
Even if there is not a sufficiently strong public health case to consider use of biofortification as a central plank of nutrition policy in developed countries, there are other possible uses for biofortified crops, including as ingredients in niche products or as substitute ingredients to improve the nutritional quality of existing UK products. A further consideration is that use of biofortified crops and products in developed countries, such as the UK, could help scale up their use in the developed world by making their consumption aspirational (associated with the influence of developed markets on the global food chain). Implementing biofortification into developed countries could also help develop standards and regulations for biofortified foods and increase global consumer demand. 
